Reversiblephosphorylation,afundamentalregulatorymechanismrequiredformanybiologicalprocessesincludingmemoryformation,iscoordinated bytheopposingactionsofproteinkinasesandphosphatases.TypeIproteinphosphatase(PP1),inparticular,hasbeenshowntoconstrainlearningand memory formation. However, how PP1 might be regulated in memory is still not clear. Our previous work has elucidated that PP1 inhibitor-2 (I-2) is an endogenousregulatorofPP1inhippocampalandcorticalneurons(Houetal.,2013).Contrarytoexpectation,ourstudiesofcontextualfearconditioning andnovelobjectrecognitioninI-2heterozygousmicesuggestthatI-2isamemorysuppressor.Inaddition,lentiviralknock-downofI-2intheratdorsal hippocampus facilitated memory for tasks dependent on the hippocampus. Our data indicate that I-2 suppresses memory formation, probably via negatively regulating the phosphorylation of cAMP/calcium response element-binding protein (CREB) at serine 133 and CREB-mediated gene expression in dorsal hippocampus. Surprisingly, the data from both biochemical and behavioral studies suggest that I-2, despite its assumed action as a PP1 inhibitor, is a positive regulator of PP1 function in memory formation.
Introduction
Memory formation is known to be coordinated by the opposing actions of many protein kinases and phosphatases. Type I protein phosphatase (PP1), in particular, has been shown to constrain learning and memory formation (Genoux et al., 2002) . CREB (cAMP/calcium response element-binding protein) is one of the well known memory substrates that are regulated by reversible phosphorylation. Control of CREBmediated gene expression via CREB phosphorylation at serine 133 (pCREB) is critical for late-phase synaptic plasticity (Barco et al., 2002) and memory formation (Shaywitz and Greenberg, 1999; Lonze and Ginty, 2002; Impey et al., 2004) . PP1 is a major CREB phosphatase at serine 133 and was found to constrain memory formation (most likely via inactivating CREB) in a transgenic mouse model (Genoux et al., 2002) . Inhibiting PP1 activity has been shown to increase phosphorylation of CREB (Alberts et al., 1994; Bito et al., 1996) and to enhance memory (Genoux et al., 2002) . However, how PP1 is regulated in CREB-mediated gene expression and memory formation is not clear.
Inhibitor-2 (I-2) is the prototypic inhibitor of PP1. Before the DNA sequencing era, I-2, along with inhibitor-1 (I-1), was used in in vitro assays to distinguish, and thus define, PP1 from other families of serine/ threonine protein phosphatases (Cohen, 1989) . I-2 inhibition of PP1 has been studied extensively in in vitro for decades since its purification in 1976; however, the lack of I-2 knock-out (KO) mice, attributed by some to the existence of many I-2 pseudogenes, has led to scarce knowledge of I-2's function in vivo.
We and others have found that I-2 is expressed at high levels in hippocampal and cortical neurons (Sakagami and Kondo, 1995; Siddoway et al., 2013) and that I-2 is essential for chemical LTD in primary neurons (Hou et al., 2013) . Moreover, we found that I-2 knock-down, but not I-1 knock-down, in primary cortical neurons leads to decreased PP1 activity based on increased PP1 inhibitory phosphorylation at Thr320 (Hou et al., 2013) , suggesting that I-2 may have a more complex function than simply acting to inhibit PP1 in cortex and hippocampus, brain regions playing critical roles in memory formation.
In this study, we made I-2 gene-trapping mutant mice to study I-2's potential role in memory formation. Even though global I-2 KO mice die as embryos, I-2 heterozygous mice (I-2 ؉/Ϫ ) are viable, fertile, and have no obvious phenotypes. Interestingly, I-2 ؉/Ϫ mice exhibit increased memory formation in both novel object recognition and contextual fear conditioning (CFC) tests. This function of I-2 to regulate memory formation negatively was further demonstrated by infusion of I-2 shRNA-encoding lentivirus into the dorsal hippocampus of adult rats, which enhanced spatial memory and CFC. Moreover, we found that pCREB levels were significantly enhanced in I-2 KD neurons in the dorsal hippocampus. In addition, we found increased mRNA levels of the CREB-regulated genes BDNF, c-fos, Homer1a, and Egr1 in I-2 KD neurons. These data suggest that I-2 is a positive regulator of PP1, acting to negatively regulate CREB activation and CREB-mediated gene expression. Our study has thus identified I-2 as a memory suppressor that can exert positive regulation of PP1 action in vivo.
Materials and Methods

I-2 KO mice
I-2 gene-trapping embryonic stem cells (ES, S129 background) were purchased from Lexicon Pharmaceuticals via the Texas Institute of General Medicine. I-2 heterozygous mice were made via blastocyst injection of I-2 gene-trapping ES cells and confirmed by PCR genotyping. I-2 homozygous mice die as embryos. I-2 heterozygous mice were bred with C57BL/6N mice for Ͼ10 generations before behavior tests on mixed male/female mice were performed.
Behavioral tests of memory formation in mice
All experimental protocols for live animals were approved by the Institutional Animal Care and Use Committees of the Louisiana State University Health Science Center and Tulane University.
Novel object recognition. We followed the protocol used by Tang et al. (1999) in their previous studies. In brief, mice were individually habituated for 3 d before training, during which two novel objects were placed in the apparatus and the individual mouse was allowed to explore for 5 min. During the memory retention test, the individual mouse was put back into the chamber and was allowed to explore freely for 5 min. Exploration of an object was considered when the head of animal was facing and within 1 inch from, the object.
CFC. For CFC experiments, different sets of mice were individually habituated before training, during which mice were put individually into the chamber and allowed to explore freely for 2.5 min. A foot shock of 0.8 mA was delivered for 2 s and the mouse was allowed to stay in the chamber for another 30 s. Freezing was judged as complete immobility of the body except for respiratory movements. During the retention test, mice were individually placed in the shock chamber and freezing responses were recorded for 3 min in this context.
Lentivirus injection and behavioral analysis in rats
Surgical procedure. Stereotaxic surgery and injection coordinates were as described previously (Kathirvelu et al., 2013) . Surgical shams underwent the same surgical procedures as the lentiviral-infused rats except nothing was infused into the dorsal hippocampus. All rats were given 2 weeks to recover from surgery before behavioral training began.
Spatial training. Two weeks after hippocampal infusion, rats began spatial training in a water maze. Spatial memory was assessed using a place task in which rats were pseudorandomly started from one of four start locations and trained to find a hidden platform in the water maze. Rats were given 3 trials of spatial training per day for a total of 4 d. The trial ended when the rat reached the platform or when 90 s elapsed and the rat was led to the platform by the experimenter. Rats remained on the platform for 15 s and were placed in a carrying cage for 15 s in between trials. The sixth and 12 th trials (last trial of days 2 and 4) were probe trials to measure spatial bias during which the platform was retracted for the first 30 s of the probe trial.
CFC. For CFC, rats were trained as described previously (Kathirvelu et al., 2013; Kathirvelu and Colombo, 2013) .
Primary neuronal cell cultures
Primary cortical neurons were prepared from mixed male/female E18 Sprague Dawley rat embryos (Siddoway et al., 2014) .
Total RNA isolation and quantitative PCR
Total RNA was isolated and purified from cortical cultures using RNeasy kit (Qiagen). Total RNA was then reverse transcribed to cDNA with iScript cDNA synthesis kit (Bio-Rad). Real-time PCR was performed using a CFX Real-Time PCR detection system with iQ SYBR Green kit (Bio-Rad). The expression of the genes of interest was quantitated and normalized against GAPDH gene expression. The sequences for PCR primers were as follows (F: forward, R; reverses): F I-2: CCTGCTCTGATTTCCTAC, R I-2: CAGCA-GATGACAGACTAC; F BDNF: GACAGTATTAGCGAGTGG, R BDNF: GGGATTACACTTGGTCTC; F c-fos: GACAGCCTTTCCTACTAC, R cfos: CACTAGAGACGGACAGAT; F Homer-1a: CAGGAGAAGATG-GAACTG, R Homer-1a: GGGTGTTCTCTCATCATC; F Egr1: GAGTGATGAACGCAAGAG, R Egr1: GTAGGAAGAGAGGGAAGAG; F GAPDH: GTAGGAAGAGAGGGAAGAG, R GAPDH: GAAGTCACAG-GAGACAAC.
Western blotting
Western blotting was performed as described previously (Kathirvelu et al., 2013; Hou et al., 2014) . Mouse left brain hemispheres were dissected out from adult mice (2.5 months) and immediately flash frozen in liquid nitrogen. The frozen brain samples were subject to grinding and sonication in CelLytic MT Cell Lysis Reagent (Sigma-Aldrich, C3228). Protein concentrations were determined with the DC Protein Assay kit (Bio-Rad, 500-0114) to ensure equal loading by SDS-PAGE.
For immunoprecipitation (IP) and measurement of PP1 enzymatic activity from I-2 or control immunoprecipitates ( 32 P based), 3-week or older neurons were used for IP with I-2 antibody, PP1 antibody, or the corresponding control IgG (Hou et al., 2013) . PP1 enzymatic assays were performed as described previously (Le et al., 2011) .
32 P-labeled histone (purified, Sigma-Aldrich) was used as PP1 substrate in the assay. In vitro kinase reaction of histone with purified PKA plus ATP was performed as described previously (Le et al., 2011) . The amount of antibodies, including control IgGs, was further determined to be similar in each IP by Western blotting. PP1 activity in each IP was determined as the difference between that measured in the presence of okadaic acid (1 M, blocks PP1/PP2A) and microcystin (0.5 nM, blocks mainly PP2A) treatment before normalized over the amount of IP antibody.
Statistical analysis
Mouse behavioral test. Mice were used for only one round of training and retention session in both novel object and CFC test. t test was used to compare wild-type and I-2 heterozygous mice at each retention time point.
Gene expression. qRT-PCR RNA levels of the I-2 knock-down sample were normalized against that of the control knock-down sample and expressed as the fold change. The fold change values of all genes were then compared with 1 (no change) using one-sample t test.
Western blotting for mouse and primary culture studies. Proteins levels were normalized against ␤-tubulin or total CREB. t tests were used for comparing two groups of samples. All the results are expressed as mean Ϯ SEM. For t test, significance level was set at p Ͻ 0.05.
All rat data were analyzed using SPSS software. For the spatial memory task, repeated-measures ANOVAs were used to analyze group differences in latency to find the platform across days, percent time in target quadrant across probes, and proximity to the platform across the probes. A posteriori comparisons were performed using Fisher's LSD test. One-way ANOVAs were used to analyze differences in freezing between groups for CFC and differences in pCREB protein levels between groups. Significance levels for all tests were set at p Ͻ 0.05. There were no significant differences between lenti-GFPcontrols and surgical shams on any of the behavioral measures or Western blotting results, so these rats were pooled into one group for all of the analyses.
Results
Because of the established function of PP1 in memory formation and CREB-mediated neuronal gene expression (Bito et al., 1996; Genoux et al., 2002) and our recent finding that I-2 is an endogenous PP1 regulator in neurons (Hou et al., 2013) , we set out to study the potential role of I-2 in the memory process. We made I-2 KO mice using an I-2 gene-trapping ES cells (Fig. 1A,B) . I-2 global KO mice died as embryos around embryonic day 13.5 (data not shown), but I-2 heterozygous mice were healthy, viable, and fertile and exhibited no obvious phenotypes. Western blotting experiments verified that the I-2 protein was completely absent in I-2 homozygotes, whereas the I-2 protein level was approximately half of that in I-2 wild-type littermates (Fig. 1C) . We tested directly whether I-2 plays a critical role in memory formation, first by determining memory retention in I-2 ؉/Ϫ mice using a novel object recognition test. I-2 ؉/Ϫ mice showed increased novel object recognition 24 and 48 h after training relative to their wild-type littermates (p Ͻ 0.05; the I-2
؉/Ϫ mice groups tested 1 min or 1 h after training showed an increased trend in preference for the novel object, however, this was not significant; Fig.  1D ). In a CFC test, I-2 ؉/Ϫ mice also showed increased freezing when put into the same chamber 24 h after conditioning (Fig. 1E) . The observation that I-2 ؉/Ϫ mice show increased memory retention was not due to other factors such as altered motor activity because there were no significant differences between these I-2 ؉/Ϫ mice and their wild-type littermates in open-field tests (data not shown). To complement the mouse KO studies, the interpretation of which could be compounded by potential unknown developmental compensation, and to further analyze in which brain regions I-2 might regulate memory formation, we performed behavioral studies in rats injected Ϫ/Ϫ mice die as embryos). D, I-2 ϩ/Ϫ mice (Ͼ2.5 months old) exhibit increased preference for a novel object compared with their wild-type littermates in a novel object recognition test 24 and 48 h after training. *p Ͻ 0.05, 2-tailed t test. E, I-2 ϩ/Ϫ mice exhibit increased freezing compared with their wild-type littermates in a CFC test. *p Ͻ 0.05, 2-tailed t test.
with I-2 KD viruses, which we previously reported to be specific and not to have any off-target effect (Hou et al., 2013) .
Two weeks after infusion of lenti-I-2-shRNA in the dorsal hippocampus, rats began 4 d of place training in the water maze. For latency to find the hidden platform across days, a repeatedmeasures ANOVA revealed a significant effect of day (F (1,8) ϭ 4.397, p ϭ 0.013), no significant effect of group (F (1,8) ϭ 0.827, p ϭ 0.390), and no day ϫ group interaction (F (1,8) ϭ 4.615, p ϭ 0.116) (Fig. 2A) . With further analysis of the significant effect of day, we found that lenti-I-2-shRNA demonstrated learning during acquisition of the place task (F (1,4) ϭ 7.704, p ϭ 0.004), whereas controls did not (F (1,4) ϭ 0.576, p ϭ 0.642). For the probe analysis, which is a measure of learned spatial bias, repeated-measures ANOVA revealed no significant effect of day (F (1,8) ϭ 1.268, p ϭ 0.301), a significant effect of group (F (1,8) ϭ 9.064, p ϭ 0.020), and no day ϫ group interaction (F (1,8) ϭ 0.243, p ϭ 0.637), for percentage of time in the target quadrant (Fig.  2B) . Therefore, rats infused with lenti-I-2-shRNA spent significantly more time in the target quadrant and had a greater spatial bias for the location of the platform than controls.
After place training, rats were given one session of CFC and were tested for fear memory 24 h later. ANOVA revealed a significant effect of group (F (1,8) ϭ 6.989, p ϭ 0.030) in percentage freezing (Fig. 2C ) during the first 2 min of testing. These behavioral data support the role of I-2 as a negative regulator of memory formation. Genoux et al. (2002) has reported that transgenic mice in which PP1 is inhibited show increased memory formation in novel object recognition. Our data indicate that I-2 and PP1 function in the same direction in memory formation, consistent with I-2 acting as a positive regulator of PP1 memory function in vivo. This conclusion is consistent with our previous studies of increased PP1 activity and blocked chemLTD in I-2 KD neurons (Hou et al., 2013) . Because it is known that PP1 is a CREB phosphatase (Bito et al., 1996; Mauna et al., 2011) , we next determined whether I-2 can regulate pCREB levels in neurons. We found that pCREB was significantly increased (Fig. 3 A, B) in both brain and cultured neurons in which I-2 was downregulated, suggesting that I-2 is an endogenous pCREB regulator. Consistent with increased pCREB in I-2 KD neurons, we found that I-2 regulated CREB-mediated gene expression because the mRNA expressions of the CREB-regulated genes BDNF, c-fos, Egr1, and Homer-1a were all increased in I-2 KD neurons as measured by qRT-PCR (Fig. 3C ). In addition, in the rat lentiviral injection experiments, Western blotting performed on dorsal hippocampus tissue homogenates from individual rats revealed a significant increase in pCREB protein levels in lenti-I-2-shRNA-infused rats compared with controls (F (1,7) ϭ 10.509, p ϭ 0.014). Together, the results demonstrate that downregulation of I-2 increases phosphorylation of CREB and support the role of I-2 as a negative regulator of CREB activity. PP1 is a negative regulator of CREB phosphorylation at Ser133 and also of memory formation, so our data suggest that I-2 positively regulates these PP1 functions. Consistent with our previous report that I-2 KD led to increased PP1 inhibitory phosphorylation at Thr320 (T320) (Hou et al., 2013) , we found that PP1 inhibitory phosphorylation at T320 was also increased in I-2 Ϫ/Ϫ embryos (Fig. 4A) . Moreover, we found that there was significantly lower PP1 activity in the brain lysates from I-2 het mice compared with those from their WT littermates (Fig. 4B) . Furthermore, we measured PP1 enzymatic activity in I-2 immunoprecipitates from cultured neurons. Consistent with the results that show that I-2 may positively influence PP1 activity toward phospho-CREB, we found robust and significant PP1 activity in the I-2-PP1 complex that was comparable to that in a PP1 immunoprecipitate (Fig. 4C) . .642) . B, Rats infused with lenti-I-2-shRNA spent significantly more time in the target quadrant containing the hidden platform than controls during the two probes, which were at the end of days 2 and 4 ( p ϭ 0.02). C, Rats infused with lenti-I-2-shRNA demonstrated significantly more freezing than controls in a CFC test; p ϭ 0.03; lenti-I-2-shRNA ϭ 5, control ϭ surgical shams (2) ϩ lenti-GFP (3).
Discussion
The regulation of PP1 by I-2 has been well studied biochemically in vitro, including elucidation of a crystal structure of an I-2:PP1 complex (Hurley et al., 2007) . However, I-2's in vivo function is still not known. Here, we foundthefollowing:(1)thatI-2actsasamem-ory suppressor through the use of a new I-2 transgenic mouse model that we generated; (2) that localized gene silencing of I-2 in the dorsal hippocampus enhances memory for various hippocampus-dependent tasks in rats; (3) that I-2 is a novel endogenous regulator of CREB activation and subsequently of CREBmediated gene expression, suggesting an underlying signaling pathway for I-2's function in memory formation; and (4) that I-2 acts as a positive regulator of PP1 function in CREBmediated gene expression and memory formation, contrary to its established in vitro function as a PP1 inhibitor. In this study, we generated novel I-2 KO mice. Even though I-2 Ϫ/Ϫ mice die as embryos, the I-2 heterozygous mice (I-2 ϩ/Ϫ ) show increased memory formation in novel object recognition and CFC tests. This is further corroborated by an independent complementary approach: knock-down studies with expression of I-2-shRNA, which has been shown by us previously to be specific and not to have an offtarget effect (Hou et al., 2013) . Rats injected with I-2 shRNA-encoding lentivirus into the dorsal hippocampus spent significantly more A, PP1 inhibitory phosphorylation at T320 is significantly increased in I-2 homozygous mice (n ϭ 3 for WT, n ϭ 2 for I-2 homozygous mice, PP1pT320/PP1 ϭ 3.5 that of WT; t test, p Ͻ 0.01). B, Decreased PP1 activity in 3-month-old I-2 heterozygote mouse brains (n ϭ 5) relative to their WT littermates (n ϭ 6) (t test: p Ͻ 0.01). Middle and right, No change in PP1 level in I-2 heterozygous mice brain (tissues are from same set of mice brains used in PP1 activity assay). C, Comparable PP1 activity is observed in I-2 or PP1 immunoprecipitates obtained from ϳ4-week-old primary cortical neurons (n ϭ 4 for each IP pair, p ϭ 0.78.). ns, Not significant. time in the target quadrant and had a greater spatial bias for the location of the platform than controls in the Morris water maze test. The same group of rats also showed increased freezing in a CFC test relative to controlrats.TheseresultsdefinitivelydemonstratedthatI-2isamemory repressor. Our studies also revealed that downregulation of I-2, with a recombinant lentivirus expressing I-2 ShRNA, leads to significantly increased CREB phosphorylation at Ser133 in both primary neurons and in the rat dorsal hippocampus. Further, the qRT-PCR results indicate that I-2 negatively regulated CREB-mediated neuronal gene expression. Our results thus show that knocking down I-2 sustains CREB phosphorylation in the hippocampus and enhances hippocampusdependent memory formation.
When PP1 activity is inhibited in transgenic mice, memory formation in a novel object recognition test is enhanced (Genoux et al., 2002) . This constraint function of PP1 on memory formation takes place, most likely, via inactivating CREB-mediated gene expression and is consistent with our previous report that sustained CREB phosphorylation is necessary for memory formation (Colombo et al., 2003) . Our findings that knocking down I-2 increases levels of pCREB and CREB target genes support the role of I-2 as a positive regulator of PP1 and explains our behavioral findings. Consistent with the pCREB results, our studies also found that downregulation of I-2 leads to increased PP1 inhibitory phosphorylation at Thr320 in both cultured neurons and mice. The interpretation that I-2 could be a positive regulator of PP1 function in memory formation echoes yeast genetic studies suggesting that an I-2 homolog in yeast may be a PP1 activator in vivo (Tung et al., 1995; Nigavekar et al., 2002) .
Studies with recombinant PP1 purified from bacteria has suggested that I-2 might function as a "chaperone" to help fold PP1 and limit its promiscuous serine/threonine and tyrosine phosphatase activities (Alessi et al., 1993) . However, our results indicate that PP1 activity is reduced after a reduction in I-2 expression, likely as a result of increased pT320 phosphorylation. Moreover, our studies indicate that KO or knock-down of I-2 has no effect on the level of expression of PP1, which is inconsistent with a general chaperone function for I-2.
PP1 plays critical roles in many physiological processes and pharmacological PP1 inhibitors will thus affect all PP1-related functions. However, different PP1 regulatory proteins (Ͼ100) are believed to determine PP1 function in different physiological processes (Heroes et al., 2013) . Developing specific inhibitors for PP1 regulatory subunits can thus offer the possibility of specificity in therapeutic intervention of specific PP1 signaling pathways such as salubrinal for GADD34-regulated PP1 function in ER stress (Moreno et al., 2012) . Identification of I-2 as a memory suppressor thus provides a novel therapeutic target for treating memory-related diseases in which PP1 signaling may be affected.
